Deletion of a conserved juxtamembrane sequence (KFG) in the Trk NGF receptor resulted in impaired neurite outgrowth, somatic hypertrophy, and induction of c-fos, c-jun, and TIS1 immediate-early genes. In contrast, these receptors retained the ability to mediate NGF-promoted survival and TIS8 and TISll immediate-early gene induction. The mutated receptor also mediated unimpaired autophosphorylation; SHC, PLC-"fl, and ERK tyrosine phosphorylation; and PI-3 kinase and ERK activation. However, SNT protein tyroaine phosphorylation, which wild-type receptors mediate via a ras-independent pathway, was undetectable. These findings indicate that the KFG sequence is indispensable for activating a ras-independent NGF signaling pathway involved in promoting neuronal differentiation and highlight potential roles of nontyrosine-containing receptor domains in growth factor signal transduction.
Introduction
A key issue regarding growth factors and their receptors is the mechanism by which both diversity and specificity of actions are generated. For instance, neurotrophins and their Trk family member tyrosine kinase receptors evoke a wide variety of responses including prevention of apoptotic death, mitogenesis, and neuronal differentiation (reviewed by Chao, 1992; Meakin and Shooter, 1992; Kaplan and Stephens, 1994) . Although other growth factors may mimic certain of these actions, in many cases they are highly specific. For PC12 cells, nerve growth factor (NGF) elicits neuronal generation and cessation of proliferation (Greene and Tischler, 1976) , whereas epidermal growth factor (EGF) and insulin-like growth factor are mitogenic and do not stimulate neurite outgrowth (Rukenstein et al., 1991; Chao, 1992) . Observations from many systems reveal that growth factor signal transduction involves multiple receptor domains and that these participate in activation of a variety of downstream signaling pathways . Although such a mechanism may account in part for diversity of responses to single growth factors, it does not necessarily explain specificity. The latter issue is compounded because many growth factor receptors possess similar signaling-related intracellular motifs and activate identical downstream signaling pathways. For instance, EGF and NGF both activate signaling elements including phospholipase C-y1 (PLC-'y1), SHC, phosphatidylinositol-3 (PI-3) kinase, ras p21, and mitogenactivated protein (MAP) kinases (ERKs), yet can evoke distinctive cellular responses in the same cell (Chao, 1992; Kaplan and Stephens, 1994) .
Two possible solutions to the specificity issue have been proposed. One is that the same signal transduction elements may elicit distinct responses depending upon the kinetics or the magnitude of their activation. In particular, it has been observed that NGF evokes prolonged activation of ras p21 and the downstream MAP kinases in PC12 cells, whereas EGF stimulation of these key signaling proteins is transient (Qiu and Green, 1992; Traverse et al., 1992) . These and additional observations have led to the suggestion that sustained activation of the ras p21-dependent pathway and of downstream MAP kin ases is sufficient to account for neuronal differentiation of PC12 cells (for review, see Marshall, 1995) . For instance, overexpression of constitutively active ras (Guerrero et al., 1986) or of its downstream targets Raf (Wood et al., 1993) or MEK (Cowley et al., 1994) evoke PC12 cell neurite outgrowth. An alternative mechanism is that differentiating agents such as NGF activate one or more specific pathways not generally affected by mitogens such as EGF. From this point of view, signaling pathway(s) distinct from, and in addition to, the ras/MAP kinase pathway would be required to elicit generation of the neuronal phenotype.
To address these issues, we have used mutational analysis of Trk NGF receptors. The Trk tyrosine receptor kinase is rapidly activated by NGF Klein et al., 1991) , and transfection of mutant Trk-deficient PC12nnr5 cells with wild-type Trk restores a wide variety of NGF-promoted actions (Loeb et al., 1991 (Loeb et al., ,1993 . Transfection of PC12nnr5 cells with specifically altered forms of human Trk has identified specific phosphotyrosinecontaining motifs that account for interaction of the signaling molecules PLC-ffl and SHC with Trk and for their tyrosine phosphorylation Stephens et al., 1994) . Analysis of the phenotypic properties of cells bearing these altered receptors has further revealed the following three conclusions. First, autophosphorylation of Trk at the tyrosine residue involved in interaction with and tyrosine phosphorylation of PLC~,I is required for NGFdependent induction of the neuron-specific intermediate filament protein peripherin . Second, individual mutation of the two autophosphorylated tyrosine residues responsible for interaction of Trk with either PLCy1 or SHC protein does not interfere with the capacity of the receptor to mediate NGF-promoted neurite outgrowth . Third, simultaneous mutation of both of the latter tyrosine residues (i.e., those involved in interaction with PLC-71 and SHC) compromises the capacity of the receptor to trigger ERK tyrosine phosphorylation and activation, as well as full neuronal differentiation . However, cells expressing this double mutant (hTrk Y490F/Y785F) still undergo NGFstimulated changes in cell shape and size and produce short, unstable neurite-like projections . Trk Y490F/Y785F is also capable of stimulating the tyrosine phosphorylation of SNT . These results suggest that although the signaling pathways dependent on Y490 and Y785 may play necessary roles in many of the responses of PC12 cells to NGF, other receptor sequences must be responsible for additional aspects of NGF-induced differentiation.
Although mutational analysis of the autophosphorylated tyrosine residues in Trk has begun to provide insights regarding the signaling pathways and proteins involved in generating the diversity of NGF actions, it has not provided information about the specificity of responses. This may be due to the observation that the phosphotyrosine residues in Trk that mediate signaling responses are also conserved in other receptor tyrosine kinases. In the present work, we therefore sought to extend our analysis to intracellular sequences that are conserved among various Trk receptor family members that do not contain tyrosine residues and are not present in other receptor tyrosine kinase families. Sequence comparison reveals several such regions in the transmembrane portion of Trks (Martin-Zanca et al., 1989; Lamballe et al., 1991) . We report here the consequences engendered by deletion of one such conserved sequence, KFG. Our findings show differential effects on both downstream signaling pathways and functional responses to NGF and support the hypothesis that specificity and diversity of neurotrophin actions is in part due to activation of multiple signaling pathways.
Results

Trk Deletion Mutant A441-443 Undergoes NGF-Dependent Autophosphorylation when Expressed in PC12nnr5 Cells
To study the function of the KFG juxtamembrane motif that is conserved in the Trk family of neurotrophin receptors, we constructed a mutant form of the human Trk NGF receptor in which this tripeptide was deleted from positions 441-443. The mutant receptor (hTrk A441-443 or construct 94) was introduced into the pCMV-neo expression vector as described in Experimental Procedures and transfected into the Trk-deficient, NGF-nonresponsive PC12 cell mutant cell line PC12nnr5 (Green et al., 1986) . A total of 35 G418-resistant clones were expanded on the basis of their morphological fidelity with the parental PC12 and PC12nnr5 lines. These were assessed for construct 94 mRNA by Northern blot analysis, and positive clones were then examined by Western immunoblotting for expression and NGF-induced autophosphorylation of hTrk A441-443 protein. On the basis of this screen, three independent clonal lines, designated 94-23, 94-28, and 94-63 , were chosen for further study.
To quantitate the expression and NGF-promoted phosphorylation of the mutant Trk, each of the lines was treated for 5 min with or without 100 ng/ml NGF. Lysates were then prepared, aliquots (normalized for protein content) were subjected to immunoprecipitation with anti-Trk, and the immunoprecipitates were analyzed by Western immunoblotting with anti-phosphotyrosine and anti-Trk. Samples of PC12 cells and T14 cells (PC12nnr5 cells transfected with and overexpressing wild-type hTrk; Loeb et al., 1993) were included for comparison. The data in Figure 1A show that all three series 94 lines express the mutant Trk protein and that despite the deletion, all three undergo NGF-mediated Trk tyrosine phosphorylation. Table 1 summarizes quantitative findings derived by densitometric scanning of Western immunoblots from several independent experiments. These reveal that 94-23 cells express a level of mutant Trk that is nearly equal to the level of wild-type Trk expressed by PC12 cells, and that 94-28 and 94-63 cells express about 60% of the Trldmutant Trk levels present in either PC12 or 94-23 cells. Moreover, the degree of NGF-induced tyrosine phosphorylation is in each case approximately proportional to the level of Trk protein that is expressed. We also compared binding of 12q-labeled NGF (5.5 ng/ml; -2 1 0 pM) to the external . The labeled immunoprecipitates were subjected to SDS-PAGE, and the Trk proteins were excised, digested with trypsin, and analyzed by reverse-phase high pressure liquid chromatography, all as given in Experimental Procedures. The positions of peptides bearing specific tyrosine residues have been previously determined and are as indicated. Auto sites represent residues Y670, Y674, and Y675 within the kinase domain of the receptor. We next determined whether hTrk A441-443 was capable of tyrosine autophosphorylation at similar sites as wildtype hTrk. hTrk autophosphorylates principally at five sites, Y670, Y674, Y675, Y490, and Y785. . Sf9 insect cells were infected with a recombinant baculovirus encoding hTrk A441-443. The Trk proteins were immunoprecipitated, autophosphorylated in vitro, and analyzed by tryptic phosphopeptide analysis on reverse-phase high pressure liquid chromatography as previously described . As shown in Figure 1B , the sites and stoichiometry of phosphorylation of hTrk A441-443 were similar to wild-type Trk.
Analysis of PLC-71, SHC, and PI-3 Kinase in Cells Expressing hTrk &441-443
To detect whether deletion of the KFG motif disrupts recognition of Trk substrates, we monitored the tyrosine phosphorylation of several proteins in series 94 cells that are involved in downstream signaling responses to NGF. In response to NGF, PLC-'y1 associates with Trk and consequently undergoes rapid tyrosine phosphorylation and activation (Vetter et al., 1991) . Interaction of PLC-y1 with hTrk requires autophosphorylation of the latter at Tyr785 (Obermeier et al., 1993b; Loeb et al., 1994; . As shown in Figure 2A , hTrk 4441-443 supports NGF-stimulated tyrosine phosphorylation of PLC-71. We also confirmed this in NIH 31"3 cells expressing the hTrk A441-443 mutant (data not shown).
The 52 kDa SHC protein, which is involved in the activation of ras (Pelicci et al., 1992) , also undergoes NGFpromoted Trk association as well as tyrosine phosphorylation (Pelicci et al., 1992; Stephens et al., 1994) . For hTrk, this association occurs via autophosphorylation of Tyr490 (Obermeier et al., 1993a (Obermeier et al., , 1994 Stephens et al., 1994) . The data in Figure 2B indicate that hTrk A441-443 mediates tyrosine phosphorylation of the 52 kDa SHC protein in series 94 cells. Similar results were achieved when this mutant receptor was expressed in NIH 3T3 cells (data not shown). A second member of the SHC family of apparent molecular weight 66 kDa also shows NGF-stimulated tyrosine phosphorylation in the series 94 cell lines. Although this stimulation appears to be much less than that for PC12 cells (Figure 2 B, upper panel), there was considerable variation in the robustness of this response even in wild-type cells, so that in some experiments the effects were of similar magnitude. In addition, the data in Figure 2B (lower panel) reveal that NGF treatment causes a shift or broadening of the band corresponding to the p66 form of SHC. This effect is equally evident for both PC12 cells and the series 94 cell lines.
Stimulation of PI-3 kinase activity represents another early cellular response to NGF (Carter and Downes, 1992;  The indicated cell lines were treated without (control) or with 100 ng/ ml NGF or 10 ng/ml EGF for 5 min, lysed, and equal amounts of lysate (normalized for total protein) were subjected to immunoprecipitation with anti-phosphotyrosine antibody. The immunoprscipitates were assessed for PI-3 kinase activity by resolution of radiolabeled products by TLC as described in Experimental Procedures. The levels of the product (PIP) are shown as detected by autoradiography (upper panel) and by scanning densitometry of the autoradiographic signals (lower panel; area is expressed in arbitrary units). Comparable results were obtained in 2 additional experiments. Ohmichi et al., 1992; Raffioni and Bradshaw, 1992; Soltoff et al., 1992; Obermeier et al., 1993a) . We compared the regulation of this activity by NGF and EGF in PC12 and 94-23 cells. As shown in Figure 3 , similar levels of activation are achieved in both lines. In addition, immunoprecipitation of the p85 regulatory subunit of PI-3 kinase from lysates of PC12 cells or of PC12 cells overexpressing Trk results in coimmunoprecipitation of a 110 kDa protein whose level of tyrosine phosphorylation increases in response to NGF treatment (Ohmichi et al., 1992; Raffioni and Bradshaw, 1992; Soltoff et al., 1992) . We observed that NGF mediates p110 tyrosine phosphorylation in all three series 94 lines (data not shown).
Trk Deletion Mutant A441-443 Mediates Phosphorylation and Activation of MAP Kinases
The MAP kinases or ERKs are downstream elements of the NGF signaling cascade whose activation in PC12 cells requires their phosphorylation on tyrosine residues and is mediated by a ras-dependent pathway (Robbins etal., 1992; Thomas et al., 1992) . To assess the capacity of hTrk A441-443 to regulate this pathway, we first compared NGF-promoted ERK tyrosine phosphorylation in wholecell extracts of PC12, T14, and series 94 cells. Figure 4A shows that the mutated receptor mediates tyrosine phosphorylation of both ERK1 and ERK2. Stimulation in line 94-23 was comparable to that in wild-type PC12 cells, whereas stimulation with line 94-63 was slightly less. T14 cells, which are nnr5 cells that overexpress Trk by about 3-to 5-fold compared with PC12 cells (Loeb et al., 1993 ), exhibited a somewhat higher level of stimulation.
Kinetic studies have revealed distinct differences in the time courses with which EGF (a mitogen for PC12 cells) and NGF (a differentiating agent for PC12 cells) elevate ras-GTP and ERK tyrosine phosphorylation/activity in PC12 cell cultures (Qiu and Green, 1992; Traverse et al., 1992) . Whereas the effect of EGF is very transient (<30 min), that of NGF is prolonged (>2 hr). It has been suggested that this marked difference contributes to the distinct actions of the two factors on PC12 cells with regard to stimulation of neurite outgrowth (Qiu and Green, 1992; Traverse et al., 1992) . We therefore compared the kinetics of ERK tyrosine phosphorylation ( Figure 4B ) in whole-cell extracts of PC12, T14, and series 94 cells exposed to NG F for various lengths of time. Each cell type shows prolonged phosphorylation that contrasts with the transient effects obtained with EGF (data not shown; Qiu and Green, 1992; Traverse et al., 1992) . ERK activation in the T14 and series 94 cells was somewhat prolonged relative to wild-type PC12 cells, which could reflect the PC12nnr5 background of the transfected lines.
To verify that hTrk A441-443 mediates ERK activation as well as tyrosine phosphorylation, ERK1 was immunoprecipitated from extracts of control and NGF-treated PC12, T14, and series 94 cells. As shown in Figure 4C , in each case, the immunoprecipitated ERK1 showed both NGF-stimulated tyrosine phosphorylation and NGF-promoted protein kinase activity (as assessed by capacity to phosphorylate myelin basic protein). Furthermore, measurement of kinase activity in ERK immunoprecipitates obtained from cultures exposed to NGF for various times revealed similar kinetics of ERK stimulation in PC12 and series 94 cells (data not shown). Taken together, these results thus indicate that hTrk A441-443 mediates normal stimulation of MAP kinases in response to NGF; this in turn suggests unimpaired activation of the ras pathway by the mutant receptor.
NGF-Promoted Tyrosine Phosphorylation of SNT Protein Is Deficient in Cells Expressing hTrk A441-443
The SNT protein is an additional substrate that becomes rapidly phosphorylated on tyrosine residues in response to NGF (Rabin et al., 1993) . This protein also undergoes tyrosine phosphorylation in response to the PC12 cell differentiating agent fibroblast growth factor (FGF), but not in response to the mitogens EGF or insulin. Unlike the case of ERKs, in PC 12 cells, SNT tyrosine phosphorylation is not dependent on association of PLC-71 and SHC with Trk or on the activation of ras, and therefore appears to be affected by a different signaling pathway (Rabin et al., 1993) . Because of these properties, we therefore assessed SNT phosphorylation in our various cell lines. In contrast to cells expressing wild-type Trk, SNT is not detectably tyrosine phosphorylated in cells expressing hTrk A441-443 ( Figure 5 ). To test the possibility that SNT phosphorylation might be delayed in series 94 cells, a time course of NGF treatment (up to 24 hr) was carried out. However, this also failed to show SNT tyrosine phosphorylation (data not shown). The lack of phosphorylation responses was not due to a deficiency of SNT protein series
Probe: a n t i -P t y r Solubilized protein (5 mg) was immunoprecipitated with anti-ERK antiserum 837 as described in Experimental Procedures. In left panel, 90% of each immunoprecipitate was subjected to Western immunoblotting and probed with anti-phosphotryrosine. The position of ERK1 is indicated. In right panel, the remaining portion of the immunoprecipitates were assessed for kinase activity in the presence of [7-~P]ATP as described in Experimental Procedures using MBP as substrate. The assays were stopped with one-third volume of 4 x sample buffer, subjected to SDS-PAGE, and the resulting gels were exposed to X-ray film to determine incorporation of radioactivity. The position of MBP is indicated.
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Oeletion of the KFG Sequence Has Differential Effects on Trk-Mediated Induction of Immediate-Early Genes
We next assessed the consequence of the KFG deletion on the capacity of Trk to mediate NGF-stimulated induction of immediate-early genes. Series 94 cell lines, PC12 cells, and T14 cells were exposed to NGF for various times, and their total RNA was subjected to Northern blot analysis with probes for the immediate-early genes c-fos, c-jun, TIS1 (NGFIB), TIS8, (NGFIA), and TIS11. Previous work has shown that NGF-promoted induction of such genes in T14 cells is similar to that obtained with PC12 cells (Loeb et al., 1993) . Analysis of the blots revealed that TIS8 (data not shown) and TISll ( Figure 6 ) mRNA are strongly induced in each of the series 94 lines. In contrast, induction of mRNAs for c-los (Figure 6 ), c-jun (data not shown), and TIS1 (data not shown) is significantly reduced (by 3-to 5-fold) in comparison with that in T14 ( Figure 6 ) and PC12 (data not shown) cells. Thus, one consequence of the KFG deletion is differential interference with induction of immediate-early genes.
Trk Deletion Mutant A441-443 Mediates NGF-Promoted Serum-Free Survival, but Not Neurite Outgrowth and Somatic Hypertrophy
Trk is required for the actions of NGF on serum-free survival, neuronal differentiation, and hypertrophy of PC12 cells. We therefore tested the ability of the KFG deletion mutant to mediate these responses. PC12 and T14 cells undergo rapid apoptotic death when exposed to serumfree medium, but are rescued by NGF (Greene, 1978; Loeb et al., 1993) . As shown in Figures 7D and 7E , NGF also supports the long-term survival of 94-28 and 94-63 cell lines under serum-free conditions. 94-23 cells fail to undergo rapid cell death in serum-free medium, and so the survival response to NGF could not be assessed with this line.
To monitor neuronal differentiation responses, PC12, T14, and series 94 cell lines were exposed to NGF and scored for neurite outgrowth and other changes in morphology at various times. In contrast to the lines expressing wild-type Trk, the series 94 lines show no early flattening or spiking responses to NGF, nor do they develop neurites in medium containing 1% ( Figure 7A ) or 15% (data not shown) serum, even after 2 or more weeks of treatment with NGF concentrations of up to 1 p,g/ml. The absence of NGF-induced process outgrowth was not due to defects in the neurite-generating mechanism in the series 94 cells; expression of wild-type hTrk (by retroviral infection) in the presence of NGF caused them to extend neurites, as did exposure to FGF. Several variant lines of PC12 cells (designated U lines) have been selected that in serum-containing medium do not respond to NGF by generating neurites (Burstein and Greene, 1982) ; however, like PC12 and T14 cells, these lines do extend neurites in response to NGF when their proliferation is inhibited by culture in serum-free medium Greene, 1982, 1983) . In contrast, although the series 94 lines are maintained by NGF in serum-free medium, they do not generate neurites or show other shape changes under these conditions (data not shown).
Another morphologic response of PC12 and T14 cells, as well as of neurons, to NGF is somatic hypertrophy (Greene and Tischler, 1976; Loeb et al., 1993) . For instance, PC12 and T14 cells undergo an approximate 2-fold increase in somatic diameter after 1 week of NGF exposure. By comparison, series 94 lines show no detectable increase in diameter after this time of treatment (Figure 7C ).
Under appropriate circumstances in which neuronal differentiation does not occur, NGF may stimulate cell proliferation. This has been observed in U line cells, in which NGF markedly increases proliferation in medium containing low concentrations of serum (<1%) (Burstein and Greene, 1982) . However, as illustrated in Figure 7B , when the series 94-63 line is cultured in various concentrations of tow serum (0.1% -1% ), the inclusion of NGF causes either no or only a very slight increase in proliferation rate. Comparably minor effects were obtained with other series 94 lines (data not shown). An additional point of these experiments illustrated in Figure 7B is that NGF not only fails to stimulate proliferation of series 94 cells, but also fails to inhibit their ongoing mitogenesis. This contrasts with the anti-mitogenic effects of NGF on cells bearing wild-type receptors (Greene and Tischler, 1976; Loeb and Greene, 1993 ; data not shown).
Discussion
Differential Involvement of the KFG Motif in NGF Responses
Recent advances have increased our understanding of the means whereby binding of ligands to receptor tyrosine kinases activate intracellular signaling pathways that culminate in replication or differentiation. These findings have largely focused on receptor autophosphorylation sites that in turn favor the binding of specific SH2 domaincontaining proteins, which then serve as substrates for the activated receptors and, consequently, as initiators of downstream signaling pathways (reviewed by Ullrich and Schlessinger, 1990; Cantley et al., 1991; Koch et al., 1991) .
The Trk NGF receptor has served as a particularly interesting case, since it mediates promotion of survival as well as the complex set of events subsumed under neuronal differentiation. Analysis of Trk has revealed two major autophosphorylation sites (Y785 and Y490 in the human receptor) outside the kinase domain that are required for interaction with, and tyrosine phosphorylation of, the signaling molecules PLC7 and SHC, respectively (Obermeier et al., 1993a (Obermeier et al., , 1993b Loeb et al., 1994; Stephens et al., 1994) . Although mutation of either site alone yields little change in NGF responsiveness, mutation of both impairs the capacity of the receptor to mediate NGF-promoted outgrowth of stable neurites when expressed in PC12nnr5 cells or PC12 cells (Obermeier et al., 1994) . In contrast to wild-type receptors or those mutated at a single tyrosine residue, the Y785F/Y490F double mutant Trk receptor also fails to mediate NGFstimulated activation of MAP/ERK kinases in PC12nnr5 cells or to mediate mitogenic responses to NGF in fibroblasts . We and others have argued that this is due to compromised activation of ras-dependent signaling pathways . On the other hand, the double receptor mutation does not expunge all NGF responses. For instance, PC12nnr5 cells bearing such receptors retain NGF-dependent changes in morphology, including flattening, increase in somatic size, and growth of short, unstable processes. These cells also mediate NGF-dependent tyrosine phosphorylation of the SNT protein .
Because of the apparent presence of NG F-sensitive signaling pathways that do not appear to require two of the major autophosphorylation sites of the Trk receptor, we sought to define additional motifs that might be involved in signaling. Of particular interest were juxtamembrane domains conserved within the Trk family but not in other receptor tyrosine kinases. We found here that deletion of the conserved KFG tripeptide has little effect on a variety of responses to NGF, thus indicating that the KFG deletion does not cause overall functional disruption of the Trk protein or generally inhibit its capacity to associate with and activate substrates. Despite this, the KFG deletion nevertheless does profoundly affect NGF responsiveness. The most dramatic effect is the complete absence of morphologic responses, including flattening, somatic hypertrophy, and neurite outgrowth. Moreover, unlike wild-type Trk, the mutated receptor does not mediate NGF-promoted cessation of proliferation and is deficient in eliciting full induction of the c-fos, c-jun, and TIS1 immediate-early genes. Finally, the mutant receptor does not mediate NGFpromoted tyrosine phosphorylation of the SNT protein.
Our observations raise several noteworthy points. First, the KFG motif appears to play a necessary role in mediating NGF-promoted somatic hypertrophy. In contrast, the Y785F/Y490F double mutation does not appear to compromise this response. This suggests that NGF-promoted somatic hypertrophy requires the signaling pathways regulated by the KFG motif, but not those activated via tyrosines" )0 and 785. Our data do not permit us to determine whether yet another Trk domain is also required to mediate the hypertrophy response or whether the KFG motif is sufficient in this regard. A second point is that the KFG motif appears to be required for promotion of neurite outgrowth. The Y490F/Y785F Trk double mutant also fails to mediate the formation of stable neurites. These observations therefore suggest that stimulation of neuronal differentiation requires the cooperative action of signaling pathways emanating from several distinct domains within the Trk receptor. A third point is that the KFG motif appears to be required for the antiproliferative actions of NGF on PC12 cells. Our data indicate that even in medium with low serum, and in contrast to observations with PC12 cells expressing wild-type Trk receptors, long-term NGF treatment of cells expressing Trk A441-443 does not suppress proliferation. It is of interest that the KFG deletion simultaneously abrogates both the antimitotic and differentiative actions of NGF.
A fourth noteworthy point is that, in contrast to other functional consequences of deleting the KFG motif, NGFpromoted survival is not compromised by this mutation. This corroborates other evidencethat NGF effects on neuronal differentiation and somatic volume can be distinguished from its actions in preventing apoptosis (Greene et al., 1990; Rukenstein et al., 1991) . Our findings extend this by indicating that the differentiation and survival signaling pathways begin to diverge at the level of the receptor.
A fifth point is that the KFG deletion has differential effects on the induction of immediate-early genes. Although there were little or no effects on induction of the TIS8 and TIS11 genes, c-fos, c-jun, and TIS1 showed significantly decreased induction. This is consistent with past findings that NGF uses at least several distinct pathways to induce different immediate-early genes (Sigmund et al., 1990; Szeberenyi et al., 1990; Altin et al., 1991; Batistatou et al., 1992; D'Arcangelo and Halegoua, 1993) . In addition, our findings indicate that NGF also utilizes combinations of initial signaling pathways to induce certain immediateearly genes. In the present work, the KFG deletion resulted in an approximate 60%-80% decrease in c-los and c-jun induction; in a past study, interference with the ras pathway in PC12 cells by overexpression of a dominantnegative form of ras also produced a significant decrease in induction these genes (Szeberenyi et al., 1990) . Thus, full induction of c-fos and c-jun by NGF appears to require activation of both the ras and the KFG motif pathways. An additional point is that although abrogation of ras function or deletion of the KFG motif each greatly reduces c-los and c-jun induction, neither fully abolishes it. Hence, there appears to be a potentiation of gene induction by different pathways rather than an absolute requirement that each be activated. A final point here is that although past work reported reduction of NGF-induced TIS8 induction in PC12 cells expressing dominant-negative ras, deletion of the KFG motif had no effect on induction of TIS8. In the case of this gene, therefore, only a single major signaling pathway (the ras pathway) appears to be involved.
There are several other instances in which small deletions or substitutions within juxtamembrane regions of receptor tyrosine kinases affect their signaling capacities.
In particular, a deletion of residues 660-667 in the human EGF receptor was reported to impair mitogenic activity without an evident effect on tyrosine kinase properties or of PLC7 phosphorylation (Segatto et al., 1991) . The deleted sequence does not contain either a tyrosine residue or a sequence identical or similar to the KFG sequence studied here. As a second example, Myles et al. (1994) identified a tyrosine residue in the juxtamembrane domain of the c-Fms receptor tyrosine kinase that, although not tyrosine phosphorylated, is required for ligand-induced receptor internalization as well as for receptor kinase activity. This contrasts with the present findings in which the KFG deletion appears to affect neither activity nor internalization of Trk receptors.
Signaling Pathways Underlying Promotion of Neurite Outgrowth
A major issue addressed by our findings is whether a single signaling pathway is sufficient to account for NGFpromoted neurite outgrowth. In this respect, the ras pathway is of particular interest. Past evidence strongly implicates ras as being necessary for this response and includes the absence of NGF-stimulated neurite generation in PC12 cells expressing dominant-negative ras (Szeberenyi et al., 1990; Thomas et al., 1992) or injected with ras-blocking antibodies (Hagag et al., 1986) . The failure of the Trk Y490F/Y785F double mutant to mediate neurite outgrowth in PC12nnr5 cells is further consistent with this notion; in this case, as expected by the compromised tyrosine phosphorylation of both PLC-y1 and SHC and as indicated by the absence of NGF-dependent ERK activation, ras activation also appears to be suppressed. Additional findings have demonstrated that expression in PC12 cells of constitutively active forms of ras (Bar-Sagi and Feramisco, 1985; Guerrero et al., 1986) or of Raf (Wood et al., 1993) or MEK (Cowley et al., 1994) , which are downstream of ras, generate neurites in the absence of NGF. However, there are reservations about the interpretation that ras activation is therefore sufficient to account for NGF-promoted neurite outgrowth. For example, in such experimental paradigms, the transfected proteins are constitutively active and likely to be highly overexpressed. Ras pathway signaling in such situations therefore may be quite different from that occurring under physiological conditions of Trk receptor activation and may elicit cross-activation of other signaling pathways. Furthermore, process outgrowth generated by expression of constitutively activated ras, Raf, or MEK appears to be morphologically distinct from that produced in response to NGF (Kaplan and Stephens, 1994) . Moreover, given the capacities of different signaling pathways to elicit similar end responses (as, for instance, in the case of c-fos induction), mimicry cannot be taken to establish sufficiency. Thus, although activation of the ras signaling pathway appears to be necessary for NGF-promoted neurite generation in PC12 cells, it is not unequivocally established that it is sufficient to do so. Our observations that the KFG deletion does not compromise activation of the ras pathway but still inhibits neurite outgrowth strongly supports the idea that under physiological conditions, promotion of neurite generation by NGF requires ras-independent as well as ras-dependent pathways. It should be further noted that NGF-stimulated survival and differentiation of chick sympathetic neurons does not appear to require ras (Borasio et al., 1993) , supporting the view that multiple NGFregulated signaling pathways are also present in primary neuronal systems.
An additional factor regarding the role of the ras pathway in NGF-dependent neurite outgrowth pertains to the duration of activation. It has been noted that activation of ras and its downstream ERKs in PC12 cells is relatively prolonged in response to neurite-promoting agents NGF and FGF, but short in response to the mitogen EGF (Qiu and Green, 1992) . This has led to the suggestion that it is the duration of ras activation alone that is responsible for cellular discrimination among signals that promote either differentiation or proliferation (Qiu and Green, 1992; Traverse et al., 1992) . In support of this, overexpression of EGF or insulin receptors in PC12 cells stimulates both prolonged ras pathway activation and neurite outgrowth (Traverse et al., 1994; Dikic et al., 1994) . However, such findings are also subject to the reservation that receptor overexpression may lead to unphysiologic cross-over of signaling pathways. For example, overexpression of receptors may also mediate the tyrosine phosphorylation of SNT or other signaling proteins involved in neurite outgrowth responses, such as PI-3 kinase. In any case, we considered the possibility that effects on the ras pathway might account for the inability of series 94 cell lines to undergo NGF-promoted neurite outgrowth. However, tyrosine phosphorylation of SHC and PLC-y1, which are upstream of ras, as well as activation of ERKs, which is downstream of ras, showed prolonged kinetics in response to NGF in these cell lines. Thus, although we cannot rule out an effect of the KFG deletion on duration of responses that we did not measure, it appears unlikely that altered ras signaling duration would account for the behavior of this cell line.
Potential Role of the SNT Protein
As advanced above, our findings suggest that NGFpromoted neurite outgrowth is mediated by a mechanism in which ras activation is necessary but not sufficient and in which an additional signaling pathway is required that depends upon the KFG motif. Such a second pathway also appears to be required for NGF-stimulated somatic hypertrophy and full expression of immediate-early genes. Although the nature of this second pathway is not presently defined, our observations are consistent with involvement of the SNT protein. Along with other defects in response, cells bearing hTrk A441-443 failed to undergo normal NGF-mediated tyrosine phosphorylation of SNT. Past findings have suggested a potential role for this protein in ras-independent signaling mechanisms that lead to neurite outgrowth (Rabin et al., 1993) . For example, PC12 cell SNT becomes tyrosine phosphorylated in response to the neurite-promoting agents FGF and NGF, but not after exposure to the mitogens EGF and insulin. Moreover, in the U series PC12 cell variant lines that respond to NGF as a mitogen in the presence of low serum, it was shown that SNT does not become tyrosine phosphorylated; in contrast, under serum-free conditions in which NGF stimulates these cells to generate neurites, NGF also enhances SNT tyrosine phosphorylation (Rabin et al., 1993) . The potential function of SNT is presently unclear; partial peptide sequence analysis indicates that it does not appear to be homologous to any known protein (N. Michaud, T. Copeland, and D. K., unpublished data) nor does it appear to coprecipitate with Trk from NGF-treated cells (N. Michaud and D. K., unpublished data). Clearly, further experiments are in order to establish what role, if any, SNT plays in the defects associated with the KFG deletion. Finally, although the lack of SNT tyrosine phosphorylation is the most evident signaling defect we have detected in the hTrk A441-443 mutant-bearing cells, we cannot rule out additional effects on signaling pathways that remain to be assessed.
In summary, our observations support a mechanism in which at least two distinct signaling pathways contribute to evocation of NGF responses. One of these requires activation of the ras pathway, whereas the other is dependent on the conserved KFG motif. Our data do not permit us to rule out the involvement of yet additional pathways. Some responses, such as somatic hypertrophy, appear to require the KFG motif, but not the ras pathway; others, such as prevention of apoptotic death, do not require the KFG motif and appear to be mediated by the ras and/ or additional pathways. Additionally, certain responses, including generation of neurites, appear to require contributions of multiple pathways, including those mediated by ras and by the KFG motif. Permutational utilization of distinct signaling pathways driven by specific receptor motifs may thus represent a means to provide for both diversity and specificity of growth factor responses. In the case of NGF, this may permit cells to distinguish between signals that stimulate either proliferation or differentiation as well as to drive a complex variety of neuronal phenotypic responses. Finally, our findings call attention to the involvement in signaling of unique sequences in the juxtamembrane region of the Trk receptor tyrosine kinase family. This reinforces the notion that juxtamembrane regions of additional receptors may contain motifs that participate in mediation of phenotypic responses to growth factors.
Experimental Procedures Materials
AntiseraJantibodies used hero included anti-phosphotyrosine monoclonal antibody 4G10 provided by D. Morrison (National Cancer Institute-Frederick Cancer Research and Development Center), anti-Trk antiserum 203 (Hempstead et al., 1992) , anti-p85/PI-3 kinase antisera 51 and 21 (Hu et al., 1992) , anti-Erk antisera 837 (Boulton et al., 1991) and Erk-CT (kindly supplied by Dr. S. Pelech, Kinetek Biotechnology), and anti-SHC antiserum (Upstate Biotechnology); anti-PLC-y1 antibody was a gift from S. G. Rhee (National Institutes of Health) or was purchased from Upstate Biotechnology. p13~C~-agarose was generated by N. Michaud and D. R. K. and used as previously described (Rabin et al., 1993) . NGF was purified from male mouse submaxillary glands (Mobley et al., 1976) .
Ceil Culture Cells were grown on collagen-coated 100 mm tissue culture dishes in RPM11640 medium supplemented with 10% heat-inactivated horse serum and 5% fetal bovine serum as previously described . To assay neurite outgrowth, cultures were maintained in RPM11640 medium with 1% heat-inactivated horse serum and 100 ng/ml NGF and scored as previously described (Greene and Tischler, 1976) . For assay of somatic size, cultures were maintained in RPMI 1640 medium supplemented with 1% heat-inactivated horse serum and with or without 100 ng/ml NGF. The diameters of 25 randomly chosen cell bodies were determined in each culture. Cells were assayed as described previously for survival in serum-free RPMI 1640 medium with or without 100 ng/ml NGF (Rukenstein et al., 1991) . To measure growth rates, cells were suspended and washed in medium containing the indicated concentrations of horse serum, and replicate cultures were established by plating 105 cells per well in collagencoated 24 well culture dishes in the presence or absence of NGF. Cell numbers were determined after various times as described previously .
Trsnafection and Selection
Site-directed mutagenesis of Trk was performed as described previously (Loeb et ai., 1994) . PC12nnr5 cells (Green et al., 1986) were transfected as described elsewhere (Loeb et al., 1993) by electroporation with mutated trk inserted into the pCMV-neo expression vector (Loeb et al., 1991) . Selection was initiated 7 days after transfection by including 500 i~g/ml G418 in the culture medium. After approximately 4-6 weeks, surviving colonies were picked, expanded, and screened for expression of trk mRNA and Trk protein.
Immunoprecipitation, Western Immunoblottlng, and Protein Klnase Assays
Lysis of cells and immunoprecipitations were carried out as previously described (Loeb et al., 1993; Stephens et al., 1994) , as was Western immunobtotting (Rabin et al., 1993) . The SNT protein was isolated from cell lysates using p13~l-agarose as given elsewhere (Rabin et al., 1993) . ERK protein kinase assays were performed as described previously (Loeb et al., 1992) . Signals on films were quantified by scanning densitometry using an Apple OneScanner linked to a Macintosh Quadra 700. Scanning software was OFOTO, and image analysis was performed using image 1.43 (NIH shareware).
Analysis of Trk Autophosphorylatlon
Trk proteins were expressed in Sf9 cells, immunoprecipitated with anti-Trk, and permitted to undergo autophosphorylation in vitro in the presence of [7-~P]ATP as described previously . The labeled immunoprecipitates were subjected to SDS-PAGE, and the Trk proteins were excised, digested with trypsin, and analyzed by reverse phase high pressure liquid chromatography on a C18 column, all as given in detail elsewhere . Identification of the positions of peptides bearing specific tyrosine residues was based on previous findings .
PI-3 Kinase Assay
PI-3 kinase activity was determined by minor modification of prior methods (Whitman et al., 1985) . Cells were treated with 100 ng/ml NGF or 10 ng/ml EGF at 37°C for 3 rain. Lysates were incubated with antiphosphotyrosine-agarose beads at 4°C for 2 hr. The immunoprecipitares were washed three times with buffer (30 mM HEPES [pH 7.4], 0.5O/o Triton X-100) and assayed for PI-3 kinase activity in 50 rtl of assay buffer containing 0.2 mg/ml PI, 30 mM HEPES (pH 7.4), 30 mM MgCI2, 50 IIM ATP, 300 ~M adenosine, and 10 pCi [1,-~P]ATP for 20 min at room temperature. The reaction was stopped by addition of 100 I~1 of I M HCI. Lipids were extracted with a 1:1 methanol/chloroform solution, separated by thin layer chromatography in a solvent mixture of chloroform/methanol/4 M NH,OH (9:7:2), and visualized by autorediography using Kodak X-AR film.
Isolation of mRNA and Northern Blotting RNA was prepared from cultured cells by the method of Chomczynski and Sacchi (1987) and separated by electrophoresis through 1% agarose gets as described (Loeb et al., 1993) . After transfer to nitrocellulose, blots were incubated with probes (Batistatou et al., 1992) and labeled with [a-~P]dCTP using a random primed labeling kit (Boehringer Mannheim, Indianapolis, IN). RNA bands were then detected by autoradiography. Results were quantified by scan ning densitometry as described above.
NGF Labeling and Binding Studies
NGF was labeled by lactoperoxidase according to the protocol of Vale and Shooter (1985) . Unincorporated iodine was separated from labeled NGF using a disposable gel filtration column (Speedy Column, Pierce, Rockford, IL), followed by centrifugation through a Centriflo CF50 filter (Amicon, Danvers, MA; Vale and Shooter, 1985) . NGF was labeled to a specific activity of 14 cpm/pg and used within 2 weeks of labeling. Binding studies were performed on confluent 35 mm dishes of cells by incubation with 5.55 ng/ml (-210 pM) NGF in RPMI 1640 medium with 1% heat-inactivated horse serum for 3 min at 37°C. After transfer to ice, cultures were washed rapidly six times with ice cold PBS and assessed for surface-bound ~2Sl-labeled NGF as determined by acid stripping (Bernd and Greene, 1984) . Nonspecific binding was determined by parallel incubations performed in presence of 1 rtg/ml unlabeled NGF.
